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Abstract
This paper presents the results of research on the regularities of the formation of carbon nanofibrous materials, as well as the influence of the
composition of the model mixture of hydrocarbons S1–S4 on the morphological features and textural characteristics of the resulting carbon
nanofibres (CNF).
One of the most urgent issues faced by the oil and gas industry is how to increase the processing depth of associated petroleum gas (APG). In
the Russian Federation alone, the annual economic losses from unutilisedAPG during processing are estimated at 2 billion dollars. It is known that
the composition of APG can vary greatly, depending on the oil and gas field. In particular, the methane concentration, the main component of
natural gas and associated gas, varies from 25 to 95 vol.%. In this study, we sought to identify the main factors that determine the morphology and
structure of CNF, and to develop approaches in processing actual hydrocarbon mixtures to produce a carbon product with the desired or predictable
characteristics. Such an approach can serve as a basis for resource-saving catalytic technology utilizing C1–C4 hydrocarbons that are currently
disposed of as post-combustion flare gas.
The research results clearly demonstrate that the morphology and texture of the carbon materials obtained by the decomposition of hydrocarbon
mixtures depend on the composition of the reaction gas. The key components in this case are methane and the resultant hydrogen: their relationship
at a specific temperature determines the direction of the reversible reaction of carbon hydrogenation: S + 2H2 = SH4.
The decisive factor in the decomposition of hydrocarbons yielding carbon materials is the degree of deviation of the methanation reaction from
equilibrium which can be influenced in two ways. The addition of hydrogen to the reaction gas promotes the driving force of the carbon
hydrogenation reaction, resulting in defective high-surface carbon fibres. Increasing the concentration of methane in the reaction gas composition,
in contrast, reduces the driving force of methanation until the process is suppressed, which promotes a more structured form of the CNF, without
defects.
© 2016 Tomsk Polytechnic University. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
The synthesis of carbon nanofibres (CNF) and nanotubes
(CNTs) on nickel-containing catalysts from raw hydrocarbons
is of paramount practical importance [1–4]. This method,
known by the acronym CCVD (Catalytic Chemical Vapour
Deposition), along with valuable carbon nanomaterials, pro-
duces pure hydrogen, and has generated recent interest as a
potential method for effectively processing natural gas based on
methane and associated petroleum gas (APG) [5–8]. One of the
most urgent issues faced by the oil and gas industry is how to
increase the processing depth of associated petroleum gas
(APG). In the Russian Federation alone, the annual economic
losses from unutilised APG during processing are estimated at
2 billion dollars.
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It is known that in terms of its properties, methane differs
significantly from all other representatives of the homologous
series of hydrocarbons. An important property of the molecule
CH4 is its high stability [9,10]. It is known that the reaction of
methane decomposition into carbon (graphite) and hydrogen is
endothermic, whereas all other hydrocarbons decompose
exothermically. Methane decomposition up to very high
temperatures (900 °C or higher) is reversible, which implies
the simultaneous presence in equilibrium conditions of both
methane and hydrogen [11]. The equilibrium level of methane
conversion increases with temperature, but this is almost always
accompanied by a thermodynamic limit, which prohibits the
attainment of 100% conversion of methane with the formation
of CNF and hydrogen.
It is known that the composition of the reaction medium has
a decisive influence on the morphology and structure of carbon
fibres formed by the decomposition of hydrocarbons [12]. We
should also note another important fact: the catalytic decompo-
sition of any hydrocarbons S2–Sn forming carbon and hydrogen
will always generate side reactions in the hydrogenation of the
carbon to form methane (methanation). Our previous studies
have shown [13–15] that methanation plays a key role in the
“loosening” of the packing of graphene layers in the body of the
fibre, causing the formation of “feathery” nanofibres with a
high specific surface area.
C H CH+ 2 2 4 (1)
In the temperature range of the decomposition of hydrocar-
bon mixtures under study (400–800 °C), the reaction (1) is
reversible. This explains the occurrence of a driving force for
the hydrogenation of carbon, which to some extent is mani-
fested with the decomposition of all hydrocarbons except
methane itself.
During the decomposition of a mixture of propane and
butane, the formation of hydrogen takes place according to the
reaction Eqs. (2) and (3).
C H C H3 8 23 4→ + (2)
C H C H4 10 24 5→ + (3)
Thus, we can delineate several fundamentally important
factors that together will determine the structural features of the
resulting carbon materials:
1 the methane concentration in the composition of the hydro-
carbon mixture (APG);
2 the conversion rate of raw hydrocarbon; and
3 the temperature for carrying out the process.
Some influence may also be wielded by other additives in the
composition of natural gas (molecular nitrogen, carbon dioxide,
etc.), hydrocarbon diluent, but their total concentration in the
composition ofAPG rarely exceeds 10 vol.%, which means that
their contribution is minor.
By increasing the degree of the conversion of raw hydrocar-
bon, the hydrogen concentration increases, thereby “launching”
the methanation reaction, which in turn is reflected in the nature
of the structuring (the number of defects) of the carbon fibres,
and therefore, their textural and morphological characteristics.
2. Materials and methods
For the synthesis of CNF we used a nickel–copper catalyst
with the following composition: 84 wt.% NiO + 13 wt.%
CuO + 3 wt.% Al2O3. The catalyst was prepared through the
mechanochemical activation of nickel oxide (II), copper oxide
(II) and aluminium hydroxide, combined in the corresponding
ratio. Mechanochemical activation was carried out in anAGO-3
planetary mill (grinding medium – steel balls with a diameter of
8 mm, the acceleration of the grinding medium – 390 m/sec2,
activation time – 15 mins).
Before beginning the experiment on the synthesis of CNF
the catalyst was reduced in the hydrogen stream at 550 °C for
15 minutes. The reduction led to the formation of dispersed
particles of Ni–Cu alloy, which subsequently played a role of
the active centres for the carbon fibre growth [15–17]. Alu-
minium oxide in an amount of 3 wt.% serves the function of a
structural promoter, preventing the sintering of alloyed metal
particles [15].
To investigate the dependence of the morphology and
texture properties of the carbon material on the composition
and degree of conversion of raw hydrocarbon, experiments
were conducted in a horizontal flow-through quartz reactor. The
specially-designed reactor allowed us to carry out a so-called
“discrete load” of the catalyst – in several different consecutive
points (up to five) along the length of the reactor.
The experimental reactor was a horizontal 1.4 m tube made
of quartz, with two main entry–exits at the ends, as well as 9
add-ons, used for sampling the gas phase along the length of the
reactor while the hydrocarbons were in the decomposition
process.
A schematic of the reactor with the reaction insert for the
discrete catalyst load is presented in Fig. 1. The catalyst was
discretely loaded into the reactor by 4 equivalent samples.
The catalyst was placed at the liner surface in separate
samples (5 mg each, with 15–20 cm increments) so that the
sample was situated in the reactor zones at approximately the
Samples of the catalyst
Gas sampler #1
Gas sampler #4Reaction 
mixture 
inlet
Reaction 
mixture 
outlet
Fig. 1. Scheme of a horizontal quartz reactor with a discrete catalyst loading.
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same temperature (±2 °S). The reactor was heated in an argon
stream to a predetermined temperature, the catalyst reduction
was performed by supplying hydrogen, and then introducing the
reaction mixture containing hydrocarbons. The hydrocarbon
raw material used in the experiment was household gas S2–S4
(3.5 vol.% S2H6, 81.5 vol.% S3H8, 6.6 vol.% n-S4H10 and
8.4 vol.% i-S4H10) and/or natural gas (92 vol.% SH4).
The composition of reaction gas at the exit from the
intermediate samplers (No. 1, No. 4) was analysed using a
“CHROMOS” dual-channel gas chromatograph with a flame
ionisation detector. The synthesis of the carbon material lasted
40 minutes. At the end of the experiment, the resulting product
was cooled in an argon stream, the insert was removed from
the reactor, and unloading was performed for each CNF sample
one by one to prevent them from mixing with each other.
We applied transmission electron microscopy (TEM) at an
accelerating voltage of 80 kV using a JEM-1400 JEOL micro-
scope (Japan) to study the morphological characteristics of the
carbon product.
Low temperature nitrogen adsorption (BET method) was
used to measure the textural parameters of the resulting materials
(specific surface, pore volume). Our method for calculating
the textural characteristics was based on an analysis of the
nitrogen adsorption isotherms at 77 K. Measurements were
performed on an automated device – the ASAP-2400
(Micromeritics, USA).
3. Results and discussion
Fig. 2 shows the results of the measurement of the specific
surface area of carbon materials according to the location of the
catalyst sample in the reactor. In the experiment, the model
mixture was C2–S4, with no methane content. As seen in Fig. 2,
the specific surface of the CNF samples increases with
the distance of the catalyst sample from the entrance into the
reactor. Table 1 shows the chromatographic analysis of the
composition of the reaction mixture (samples No. 1 and No. 4).
An analysis of the gas phase showed that as a result of the
decomposition of the initial mixture S2–S4, besides the hydrogen,
the formation of methane (9.2 vol.%) and small amounts of
ethylene (1 vol.%) occurs. The total conversion of hydrocarbons at
the time sample No. 4 is attained reaches 36%.The increase in the
hydrogen concentration along the length of the reactor (from 0 to
53.6 vol.%) results in the formation of a carbon product with a
large surface area due to an increase in the contribution of the
methanation process.
The following result shows that the effect of the methanation
reaction can be suppressed by the addition of methane (natural
gas) into the reaction mixture C2–C4. As shown in Fig. 3a
45 vol.% addition of natural gas to the reaction stream leads to
a marked decrease in the specific surface area of the samples of
carbon materials. This upward trend of SBET over the length of
the reactor is maintained.
The increase in the concentration of hydrogen in the reaction
zone leads to an opposite effect. Thus, the addition of hydrogen
to the reaction mixture of C2–C4 intensifies the methanation
process and, as a consequence, results in a product with a
greater specific surface (Fig. 4). The concentration of H2 in the
feed mixture was 42 vol.%. The specific surface area of the
CNF sample reaches maximum values and changes in the range
of 220–305 m2/g.
For more obvious demonstration of the influence of the
process of carbon hydrogenation on the textural characteristics
Fig. 2. Dependence of the specific surface of CNF samples on the location of
the catalyst sample in the horizontal tubular reactor. Decomposition of the
S2–S4 mixture over the Ni–Cu/Al2O3 catalyst at 600 °C.
Table 1
Results of the analysis of the reaction mixture composition (Sample No. 1 and
No. 4).
Component Concentration, vol.%
Sample no. 1 Sample no. 4
Hydrogen 0 53.6
Methane 0 9.2
Ethylene 0 1.0
Ethane 3.5 3.2
Propane 81.5 27.9
Butane (iso-butane and n-butane) 15.0 5.1
Fig. 3. Dependence of the specific surface area of the CNF samples on the
location of the catalyst sample in the horizontal tubular reactor. Decomposition
of the model mixture S2–S4 (55 vol.%) and natural gas (45 vol.%) over the
Ni–Cu/Al2O3 catalyst at 600 °S.
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of the resulting carbon product, we plotted the specific surface
area of the samples against the value of the product work of the
methanation reaction, calculated according to Eq. (4):
PW p
p
CH
H
=
4
2
2 (4)
where PW is the product work, atm−1;
p(H2) is partial pressure of hydrogen in the mixture, atm;
p(SH4) is partial pressure of methane in the mixture, atm.
Fig. 5 shows the dependency graph of the specific surface
area values of CNF samples based on PW and data from various
experiments. For all samples, the product work was calculated
from the results of an analysis of the gas composition supplied
to the corresponding sample of carbon material. One can see
that changes in the composition of the reaction mixture to
decrease the values of the PW (i.e., by increasing the driving
force for the methanation reaction) lead to an increase in the
specific surface area of the carbon nanofibre samples and facili-
tates the transition of their morphology to the “feathery” type
(defective packing) [13,18].
The study of the morphology of the respective CNF samples
using TEM showed that, along with an increase in surface area,
there is a significant change in the morphological arrangement
of synthesised carbon fibres. Fig. 6 shows the TEM micro-
graphs of carbon samples prepared by varying the composition
of the reaction mixture.
It follows from the pictures that an increase in the methane
concentration in the composition of the hydrocarbon mixture
S1–S4 results in the formation of virtually defect-free carbon
nanofibres with close-packed graphene layers (Fig. 6a). The
decomposition of the pure mixture S2–S4 (without the addition
of methane) leads to the formation of carbon fibres with a
defective surface and uneven packing (Fig. 6b). The insertion of
a hydrogen-rich additive to the reaction mixture S2–S4 contrib-
utes to the formation of regular feathery fibre with the loosest,
most defective structure (Fig. 6c).
Next, we consider in more detail the morphological features
of carbon fibres produced in the catalytic decomposition of a
wet fraction of natural gas (S2–S4 hydrocarbons). As shown
above, the absence of SH4 in the feed reaction mixture deter-
mines the course of the hydrogenation reaction of the deposited
carbon, leading to the formation of fibre with a loose, feathery
structure.
Fig. 7 shows an extended fragment (L ~ 12 μm) of carbon
fibre formed over ~20 minutes of the reaction. The fibre’s
growth rate, according to our estimates, is ~0.6 μm/min. The
image also shows the concentration of methane and hydrogen at
the start and end of the fibre growth.
Fig. 8 shows a set of TEM images that display in detail the
dynamics of change in the morphology of the carbon fibre, as
shown in Fig. 7. It is evident that the initial growth stage of
carbon fibre (Fig. 8a) is characterised by a sufficiently ordered
packing of graphene layers (platelet type). This section of the
fibre corresponds to the first minutes of its growth (τ = 1 ÷ 5 min),
when the concentration of SH4 is close to zero, and the proportion
of H2 does not exceed 5 vol.% in the gas phase because of the
low conversion of S2–S4 hydrocarbons.
Fig. 8b and c corresponds approximately to the middle of the
length of the analysed fragment carbon fibre (τ = 9 ÷ 14 min). It
is evident that, with the nanofibre growth, we see the gradual
increase in loosening of the packing of graphene layers. The
edges of the fibres become more defective (with “notches”),
and the level of structuredness falls. It should also be noted that
its diameter decreases with growth, i.e. the fibre gets thinner.
This is explained by the fact that the active particle of the
Ni–Cu alloy catalysing the fibre growth gradually loses its
active component due to disintegration with the formation of
finer particles. One of these particles can be seen in Fig. 8c (a
black spot).
The set of the last three TEM images (Fig. 8d–f) corresponds
to the “tail” of the carbon fibre (τ = 15 ÷ 20 min). Obviously,
the structure of the fibre is increasingly defective: it is com-
posed of piles of individual packings of graphene with multiple
spaces in the pack. The thread grows thinner by almost 2 times,
Fig. 4. Dependence of the specific surface area of CNF samples on the sample
location in the horizontal tubular reactor. Decomposition of the model mixture
S2–S4 (58 vol.%) and hydrogen (42 vol.%) over the Ni–Cu/Al2O3 catalyst at
600 °C.
Fig. 5. Dependence of the specific surface area of the CNF samples on the
product work (PW) of methanation reaction. The calculations for PW values are
based on the data from the chromatographic analysis of the composition of the
reaction gas.
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dividing into separate “threads”, finer fibres. Presumably, this
occurs as a result of the crushing of the initial metallic particle
Ni–Cu alloy into smaller fragments, which further act as inde-
pendent active centres of CNF growth.
In the final phase of the growth of the carbon fibre, when its
morphology almost completely corresponds to the feathery
type, using chromatographic analysis, the increase in methane
concentration was fixed at 9 vol.%, and hydrogen at 54 vol.%.
This result proves that the growing contribution to the reaction
of carbon methanation is crucial for the formation of loose,
defective carbon fibres with high textural characteristics. The
effect of the methanation reaction on the morphology of carbon
fibres is expressed in the formation of a large number of defects
in the structure, which occur as the result of the “wasting away”
of individual graphite fragments due to carbon hydrogenation.
The structural disorder of feathery fibres, which determines the
high textural characteristics of the carbon material, is a result of
the intermittent nature of the diffusion of carbon atoms through
the metal particle.
The character of the structuring (loosening, defects) of the
resulting carbon product is determined by the degree of devia-
tion of the carbon hydrogenation reaction from equilibrium.
Numerically, the driving force of the reaction (Δ) is expressed
as the difference between the value of the equilibrium constant
of the reaction at a given temperature (CE) and the current value
of the product work (PW):
Δ = −C PWE (5)
The PW is calculated using the Eq. (4).
Let us consider three different situations.
1 Δ > 0. The steady tendency towards the formation of
defective carbon fibres with high specific surface area (CNF of
feathery type).
This means that under these conditions there is a tendency
in the reaction behaviour to form methane, i.e. the depletion of
hydrogen on carbon hydrogenation. In the case where the initial
concentration of S(SH4) = 0, Δ = CE, since PW = 0, and therefore,
Fig. 6. TEM pictures of carbon fibres obtained over the Ni–Cu/Al2O3 catalyst
at 600 °S by decomposition of:
a – model mixture S2–S4 (55 vol.%) and natural gas (45 vol.%),
SBET = 131 m2/g;
b – model mixture S2–S4, SBET = 211 m2/g;
c – model mixture S2–S4 (58 vol.%) and hydrogen (42 vol.%), SBET = 305 m2/g.
Fig. 7. TEM image of carbon fibre obtained during the changing composition
of the reaction medium. Decomposition of the model mixture S2–S4 over the
Ni–Cu/Al2O3 catalyst at 600 °C.
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the driving force of the methanation reaction is maximal. For
example, at 600 °C, the driving force will be 2.02 atm−1, which
coincides with the theoretical value of the equilibrium constant.
2 Δ < 0. The area of the formation of highly ordered
carbon nanofibres.
Under these conditions, the reverse reaction of methane
decomposition into carbon and hydrogen will predominate. The
reaction of carbon hydrogenation will be suppressed. Such a
case results from the decomposition of natural and associated
gas with a high methane content (70–95 vol.%). The further the
system is from the equilibrium reaction SH4 = S + 2H2, the
smaller the contribution of the carbon hydrogenation reaction
and so, consequently, the more perfect the nature of the packing
of graphene layers in the resulting body of carbon fibres.
3 Δ ~ 0. Carbon fibres are formed with an intermediate
structure.
Fig. 8. TEM images of the various sections of carbon fibre shown in Fig. 7.
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When Δ ~ 0, the system SH4 = S + 2H2 is close to equilib-
rium, when neither one nor the other reaction is clearly domi-
nant. The decomposition of methane and its formation by
methanation may be seen as conditionally equally probable
processes. In such conditions, the formation of carbon
nanofibres with an intermediate structure occurs, the morphol-
ogy of which cannot be clearly attributed to a particular type of
CNF.
4. Conclusions
This article summarises the results of experimental studies
aimed at establishing the regularities of the formation of carbon
materials in various conditions of the catalytic conversion of
hydrocarbon mixtures. Hydrocarbons of natural origin (natural
gas, associated gas) are often a mixture with a rather complex
composition. Typically, they are always present in varying con-
centrations of methane and hydrocarbons S2–S4. Therefore, we
had to establish a relationship of the basic characteristics of
carbon materials (and morphological texture) with the compo-
sition of hydrocarbons from which they are derived.
A specially organised experiment in a horizontal flow-
through reactor with discrete catalyst loading allowed us to
establish the main tendencies in the changes of the texture and
morphology of carbon materials, depending on the composition
of the model mixture of hydrocarbons S1–S4. The following
sets out the basic conclusions resulting from our research.
The process of the decomposition of a mixture of hydrocar-
bons S1–S4 can lead to the formation of three fundamentally
different variants of CNF:
• Structured carbon fibres (Type 1);
• Defective carbon fibres with a pinnate morphology (Type 2);
• Carbon fibres with an intermediate structure (Type 3).
The first type of carbon fibres is formed by the decomposi-
tion of mixtures with a high content of methane (70–90 vol.%).
The morphology of the fibres is characterised by a high degree
of ordering and the right character of the packing of graphene
layers.
The second type of carbon fibres can be obtained by the
breakdown of the fraction of hydrocarbons S2–S4, by a small
concentration of methane in the reaction stream, and also with
the addition of hydrogen to the reaction gas.
The third type of carbon material in terms of morphological
properties occupies an intermediate position between the first
and second types of CNF.
The main cause of defective carbon fibres with a feathery
morphology is the reaction of carbon hydrogenation to form
methane (methanation). We found that the degree of disorder is
correlated with the driving force of the methanation reaction
(Δ) defined as the degree of deviation of this reaction from
equilibrium conditions. The value of the parameter Δ depends
on the temperature and the ratio of methane and hydrogen
concentrations in the reaction zone. The addition of methane to
the reaction stream reduces the value of the driving force of
methanation until its complete suppression, while the influence
of hydrogen has the exact opposite effect.
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